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= g The practicability of using present and anticipated
Intelsat satellites for direct voice communications relay be-
™ tween an orbiting manned spacecraft and a ground station for
Q~ the post-Apollo period is examined. It is concluded that this
g could be done with reasonable modifications and addilitions to
the manned spacecraft. A major consideration is the possible

linterference with terrestrial microwave relay systems; the
‘analysis in this memorandum addresses this problem in some
detail and the resulting system parameters are based on the
iinterference limit established by CCIR. Although the

principal emphasis of this memorandum is directed at the relay
of voice, the analytical methods and tools provided are appli-
cable to the direct two-way relay of any desired communications

functions.

A typical system for a two-way voice 1link using
Intelsat III satellites would require either an 11 ft. or 5.5
ft. diameter antenna on the manned spacecraft with correspond-
ling transmitter power of 1.4 watts or 9.1 watts. The up-1link
(earth to manned spacecraft via Intelsat satellite) voice
{transmission would use frequency modulation with a frequency
modulation with feedback receiver (FMFB) on the manned space-
craft; the down-1link (manned spacecraft to earth via Intelsat
satellite) would use a vocoder and digital transmission with a
spread spectrum technique. The cost (in terms of equivalent
l voice channels that would need to be purchased) is primarily
established by the up-link requirements. It is estimated that
the cost for a manned spacecraft equipped with 11 ft. or 5.5 ft.
antenna would be 156 or 588 equivalent voice channels, respec-
tively. The same cost would be reduced to 24 or 60 eauivalent
volce channels if and when Intelsat TV satellites, which are

8till in the planning stage, are deployed.
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ABSTRACT (Cont'd)

The 1ink capacity can be expanded with very
little effort; for instance, the addition of 1.6 kbps
telemetry to the down-link is free of additional channel cost
and requires doubling the RF transmitter power on the manned
spacecraft, which, in the worst case, is stl1ll less than
100 watts.
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I. INTRODUCTION

Commercial communications satellites are being used
for manned space flight operations. Intelsat II's, which were
deployed by the Communications Satellite Corp. (Comsat), with
NASA as a prime customer, are providing point-to-point volce
and data circuits between the Mission Control Center (MCC) and
several Manned Space Flight Network (MSFN) land stations and
ships. In this memorandum, the results of a study are pre-
sented that indicate the practicability of using present and
anticipated Intelsat satellites as a direct voice communica-
tions relay between an orbiting manned space vehicle and MCC
during the post-Apollo period. The analysis 1s necessarily
gross because it deals with anticipated future programs of
both NASA and Comsat; it is also restricted to the technical
aspects of a possible implementation on the manned space vehi-
cle which would work with the Intelsat satellites as they are
now, or will be.

The characteristics of the Intelsat satellites are
described and summarized in Section II; the factors and ground
rules assumed in the utilization of these satellites are given
in Section III. Section IV provides the performance calcula-
tion and also discusses the criteria for the desired voice
quality and suggests several modulation techniques. The de-
tailed formulation of the equations for calculating RF perfor-
mance of relay links is given in Appendix B. Section V

establishes the communication system parameters in order to
h'r\o‘lﬂate nr'?‘f"lnin +ha C(‘Tp '7Y\+o‘n'pc-nenna 'l-ivriit. mi nnata ~F
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utilizing the Intelsat satellites are reviewed in Section VIj
these estimates are presented in terms of equivalent voice
channels rather than dollars. The procedure and rationale
used in making the cost estimates are outlined in Appendix D.
The conclusions are given in Section VII.

One of the major concerns of satellite communica-
tions is the RF interference with existing terrestrial micro-
wave radio-relay systems. The established CCIR interference
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limit and its impact on manned spaceflight applications is
discussed in Appendix A. A short discussion of spread spec-
trum techniques that can be used to reduce radio interference
of satellites to terrestrial systems is given in Appendix C.

II. INTELSAT SYSTEMS

Intelsat is an acronym for International Telecommu-
nications Satellite Consortium for which the Comsat Corpora-
tion 1s the U.S. representative as well as the manager for the
consortium. Five different Intelsat satellites are either in
existence or being planned; these are known as Intelsat I, II,
I1I, III 1/2, and IV. The first two are in service. Intelsat
III, the first satellite to be used for worldwide communica-
tions service, is scheduled to be deployed during the second
half of 1968. The Intelsat III 1/2 and IV satellites are in
the planning stages. The requests for proposals for these

spacecraft have been issued by Comsat.(l’g) The deployment of
the Intelsat IV system is planned for 1971, and the Intelsat
IIT 1/2 satellites may be deployed in the time period between
the III and IV series to supplement, if required, the Intelsat
IIT.

The characteristics of these satellites and their
planned usage can be found in References 1, 2, 3, and 4. A
summary of their characteristics are taken from these refer-
ences and presented in Table I. It is noted that Intelsat
IITI 1/2 and IV satellites are equilpped with antennas for both
earth-coverage and spot coverage. The two spot beams on each
satellite are for transmitting only; they are not steerable
but pointed permanently in the direction of North America and
Europe.

The Intelsat I satellite, which 1is located over the
Atlantic Ocean, will not be considered further in the analysis
as its antenna does not provide full earth coverage and it is
permanently offset to favor the northern hemisphere. The RF
power sensitivities of the remaining satellites are given in
Figure 1. Several assumptions should be considered in using
the data in Figure 1, as foliows:
1. The entire satellite is treated as a black box.
2. All satellites are equipped with quasi-linear re-
peaters; their effective isotopic radiated power

(EIRP)¥* vs input power characteristics are approxi-
mated by two line segments. During normal

¥EIRP is the product of antenna gain, transmitter power
and RF losses.
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TABLE | - MAJOR PARAMETERS OF INTELSAT SATELLIVES

ITEM INTELSAT | INTELSAT {1 | INTELSAT 111 INTELSAT 1114 * INTELSAT 1v *
REPEATERS 2 | 2 2 12
BANDWIDTH PER ONE EA. 200
REPEATER, MHz % 130 228 ONE EA. 225 35-40
It x 350 DEG | 12 x 360 DEG b
ANTENNA BEAM CENTERED CENTERED | 20 x 20 DEG $:§ E:' :oxxezgzzsc. $:§ E:' ﬁosxng 35356
AT « 7 DEG | AT EQUATOR ' o '
EFFECTIVE RADIATED
200 WITH 20-DEG BEAM; 200 WITH 20-DEG BEAM;
:g:ﬁg PER REPEATER, 10 85 150 1600 WITH 6-DEG BEAM 4000 WITH ¥.5-DEG BEAM
TOTAL EFFECTIVE ::23)f‘;; gganfg EA
RADIATED POWER (ALL 20 35 300 1800 20-008 82N 5 6 EA
REPEATERS), w N :
’ 4.5-DEG BEAM)
3600 TO 8000, DEPEND-
ING ON TYPE OF MODULA-
TOTAL TWO-WAY TELE- 20 20 1200 1900 TION, NUMBER OF

PHONE CIRCUITS ©

CARRIERS PER REPEATER,
AND ARTENNA BEAM-
WIDTHS USED

a ~ PARAMETERS ESTIMATED.

b - SIX REPEATERS ARE PERMARENTLY CONNECTED TO THE 20-DEG BEAM ANTENNA, WHILE THE OTHER SiX MAY
BE SWITCHED BETWEEN THE 20- AND 4.5-DEG BEAM ANTENNAS.

¢ - WHEN USED WITH STANDARD EARTH STATIONS HAVING 85- TO 97-FT-DIAM ANTENNAS.
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commercial operations, the repeaters are operated
below the knee of the curves so that their traveling
wave tube power amplifiers are not operated in the
saturated region. In reality the knees, or the
transition region between the two line segments, of
these curves do not occur abruptly as indicated in
Figure 1.

Two sets of curves are given for Intelsat III 1/2

and IV satellites; one for earth coverage and the

other for spot coverage antennas. The operational
aspects of using these antennas will be discussed

further.

The characteristics for the Intelsat III 1/2 and IV
satellites are estimates at present, however, the
gross capabililities of these satellites should be
realizable,

The highest capacity ground station being planned

by Intelsat will have an antenna gain to system noise temperature

ratio (G/T) of 40.7 dB(S); in terms of physical parameters,
this represents an 85 ft. antenna system with a receiving
system noise temperature of 50°K at 4 GHz.

ITITI. UTILIZATION OF INTELSAT SYSTEMS

For the purpose of this analysis, the utilization

of the present Intelsat satellites for manned space flight
operations will adhere to the present Intelsat practices as
much as possible. Some of the major practices are:

1.

The use of fréquency division multiplex technique
for multiple access operation of the satellites.

The use of common carrier frequencies, 6 GHz to the
satellite and 4 GHz from the satellite.

Conformity with the maximum satellite radiated power
bounded by the CCIR Recommendation 358-1 (Oslo,

1966).(6) This subject is discussed in more detail
in Appendix A.

Conformity with the carrier group assignments planned

(5)

by Comsat as follows:
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Bandwidth Equivalent
Units Voice Channels
5 MHz 24
10 MHz 60
20 MHz 132

The implication of the carrier group assignment is
that the manned spacecraft will be treated as a
terminal with a minimum assignment of 24 equivalent
voice channels for its transmitting link; therefore,
it could establish the minimum cost criterion for
the link as well.

5. To avoid confusion, the following definitions will
be used for the various RF links involved in a two-
way relay communications link:

a. To be consistent with the functional concept
used in manned space flight operations, the "up-
link" 1is defined as the MCC to manned spacecraft
link (via Intelsat satellite), and the "down-
1link" is defined as the manned spacecraft to MCC
1ink (via Intelsat satellite).

b. Four sub-sets of the RF links which describe the
physical concept are: "up-up-link" is defined
as the ground station to Intelsat satellite link,
"up-down-1link" is defined as the Intelsat satel-
lite to manned spacecraft link, "down-up-link"
is defined as the manned spacecraft to Intelsat
satellite 1link, and "down-down-link" is defined
as the Intelsat satellite to ground station 1link.

For the cases of the Intelsat III 1/2 and IV satel-
lites, there are two alternatives for operating the satellite
on the down-down-link. This comes about because these satel-
lites are equipped with two types of transmitting antennas; an
earth coverage antenna with an on-axis gain of 19 dB and spot
beam antennas with gain values of 28.5 dB (6° beamwidth) for
Intelsat III 1/2 and 31 4B (4.5° beamwidth) for Intelsat IV.
These spot beam antennas are to be directed continuously in
the direction of the North American and European continents in
anticipation that traffic demands for commercial communications
will be the greatest between these areas. From Figure 1, it is
seen that the use of the spot beam antenna on the Intelsat
IIT 1/2 would provide higher transmitted RF power than the use
of the earth coverage antenna, as expected, but the overall
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gain of the satellite 1s lower. Therefore, the use of the
spot beam antenna on Intelsat III 1/2 will not be pursued
further as subsequent analysis will show that the RF power
availability from the satellites i1s not the limiting factor
for the down-down-link. On the other hand, the use of the
spot beam antenna on Intelsat IV does result in a higher
overall gain repeater 1link which is advantageous. The spot
beam antennas are not considered for the up-down-link appli-
cation because of their lack of coverage. Therefore, the up-
down-1link transmission to the manned spacecraft will utilize
the earth coverage antenna of the Intelsat satellites.

IV. PERFORMANCE CALCULATIONS

The criterion used for the minimum acceptable voice
quality is 90% word intelligibility. Three voice transmission
methods were investigated:

1. analog voice, 300-3,000 Hz, using frequency modula-
tion with threshold extension recelvers,

2. digital voice, 30 kbps, using a PCM/PM technique,
and

3. digital volce with vocoder, 2.4 kbps, using a
PCM/PM techniqgue.

The RF performance requirements for these transmission methods
are given in Table II.

Table II -~ Performance Criteria for Various Volce Modulation Method

Voice Modulation S/Nre Bandwidth C/NO Reference
Method 4 req
Vocoder, 2.4 kbps, 7 dB 3200 Hz b2 dB-Hz 7
PCM/PM
Digital veoic 8 dB 36 kHz 53.6 dB-Hz 7

[=) ‘-‘es
30 kbps, PCM/PM

FM with threshold
extension re- 5.2 dB 18 kHz 47.8 dB-Hz 8
celver, m = 2

S/N cq = Signal-to-noise power ratio required in corresponding
req noise bandwidth,

BW = RF noise bandwidth.

C/N0 = RF power-to-noise power spectral density ratio
req required = S/Nreq x BW.

m = FM modulation index.
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To make performance calculations, the communications
parameters gilven in Table IIT are used. It should be noted
that a figure of merit, G/T, 1s used for receiving systems and
EIRP 1s used for transmitting systems. These parameters are
used as the communication systems (Earth, Intelsat satellites,
and manned spacecraft) are treated as black boxes with the
interfaces at the antenna aperture.

Table III -~ Assumed Communications Parameters

Ground Terminal (GND)
G/T = 40.7 dB/°K

The ground system temperature, T, includes noise tempera-
ture of the receiver, RF losses, and antenna temperature.

Intelsat Satellite (IS)

Receiving System G/T
Intelsat II -32 dB/°K
Intelsat III -20 dB/°K
Intelsat III 1/2 -20 dB/°K
Intelsat IV -17.1 dB/°K
Transmitting System k
Intelsat II -120.8 dB
Intelsat III -133.3 dB
Intelsat III 1/2 ~130.5 dB
Intelsat 1V -129 dB Using earth coverage antenna

-136.7 dB Using spot coverage antenna

k is the reciprocal of the gain of satellite repeaters
(see Figure 1).

Manned Spacecraft (SC)

Recelving system noise temperature 1800°K

Receiver noise figure 5.5 dB
RF losses 3 dB
Antenna temperature 30°K

RF Freguencies
To Intelsat satellites 6 GHz
From Intelsat satellites 4 GHz
Free Space Losses (Lfs)
To Intelsat satellites (Lfs)6 200.1 dB
From Intelsat satellites (Lfs)a 196.6 dB
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The detalled formulation of the expressions needed
for determining the RF performance of relayed links is pro-
vided in Appendix B. The numerical equations for each speci-
fic relay link involving different Intelsat satellites are
obtained by using the estimated communication parameters of
Intelsat satellites, ground terminal, and manned spacecraft
given in Figure 1 and Table III. These are given as equa-
tions B-13 to B-22, and B-31; they are also plotted in para-
metric form in Appendix B as Figures (B-1) to (B-6). From
these figures, the communications system requirements for
various voice transmission modes as well as other desired
communications functions can be determined when the performance
criteria, in terms of C/NO , of these communications functions

req
are established. For the time being, we are assuming that the
manned spacecraft carries a one degree beamwlidth antenna, which
corresponds to approximately an 11 ft. diameter parabolic
antenna with 44 4B galn at the RF frequency of 6 GHz. It is
also assumed that the RF loss of its transmitting system is
3 dB. The RF transmitter power required from the manned
spacecraft for the down-up-1link using various Intelsat
satellites are shown in Table IV:

Intelsat .
|  Satellite Vocoder FMFB Digital
I1 9 watt 35 watt 150 watt
111 0.5 2.1 7.5
111 1/2 0.8 3.4 11.5
v 1 Y 14,5
(earth coverage)
Iv 0.25 1 3.4
(earth coverage)

Table IV - RF Transmitter Power Required in Manned
Spacecraft for the Down-up-Link

The EIRP required from the Intelsat satellites for various
voice transmission modes for the up-down-link are:

Vocoder 1.6 watt
FMFB 6 watt
Digital 22 watt
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It should be noted that when one applies the CCIR
interference limits to these links, it becomes apparent that
the limit of -13dBW/4kHz is exceeded by the emission from the
manned spacecraft.¥* A suggested solution to this problem is
discussed in the next section.

V. EFFECTS OF CCIR INTERFERENCE LIMIT

The RF frequency bands presently used by the commer-
cial communications satellites are the same as those used by
the common carriers for microwave radio-relay systems on earth.
In order to allow frequency sharing of these systems, various
criteria are established by the International Radio Consulta-
tive Committee (CCIR) of the International Telecommunication
Union to prevent mutual interference. A more detailed discus-
sion of this topic is given in Appendix A. In Appendix A, the
CCIR interference limit is translated into the system parame-
ter of maximum allowable EIRP/Hz from the Intelsat satellite
and the manned spacecraft as follows:

from Intelsat satellite -24.6 dBW/Hz

from manned spacecraft -49 dBW/Hz

The maximum EIRP allowed from the manned spacecraft is sensi-
tive to its orbit; the number provided is based on a 260n.m.
circular orbit.

A quick look at the results of Section IV shows that
the EIRP required for voice transmission from the Intelsat
satellites can be made to stay below the CCIR interference
criterion; this is not the case for voice transmission from
the manned spacecraft. In order to operate the manned space-
craft within the CCIR interference limit, a combination of two
techniques is proposed:

1. Apply operational constraints so that only the 1lo
level side-lobe of the RF emission from the manne
spacecraflt illuminates the earth at any time.

w
d

2. Spreading the RF spectrum intentionally for the down-
up-1link by some modulation or coding technique.

¥See Appendix A.
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A. Side-Lobe Level of Manned Spacecraft Antenna

This item has been briefly discussed in Appendix A.
From Figure A-3, it i1s seen that, in order to assure continu-
ous global coverage of the voice links with an equally spaced
three satellite system, the antenna side-lobe of the manned
spacecraft should be sufficiently low at 43° off its boresight
axis. However, it is doubtful whether any Intelsat sysftem
would be equally spaced over the equator; therefore further
allowance should be made in the practical case. One obvious
conclusion is to use an antenna with very low side-lobe level
at a given angle off the boresight axis on the manned space-
craft. This could be accomplished in two ways, one is to use
an antenna with very narrow beamwidth, the other is to have
an antenna design with inherently low side-lobe level.

There is a practical 1limit to using very narrow beam-
width antennas on a spacecraft because of the size of the
antenna and the increasingly difficult pointing problem associ-
ated with a large antenna. To obtain an antenna with low side-
lobe level is a difficult problem especially for a spaceborne
antenna system. It would require either a horn type antenna
or a dish antenna with a carefully controlled illumination

function. 1In addition, Hogg(g) has pointed ouf that the side-
lobe level of a dish antenna is highly influenced by the sur-
face accuracy of the reflector. He has determined both
theoretically and experimentally that 1f a reflector has a
surface accuracy of (A/25),%¥ the envelope of the side-lobe
maxima reaches and maintains essentially an isotropic level

at about eight beamwidths¥¥ beyond the antenna boresight axis.

Both factors suggest that it is desirable to use an
antenna on the manned spacecraft with as high a gain as prac-
ticable. For the purpose of this analysis, an arbitrary but prac-
tical limit of one degree maximum antenna beamwldth is applied.

In particular, simple parabolic dish antennas of 1° and 2°
beamwidths are used to size other system parameters. These
antennas would be about 11 ft. and 5.5 ft. in diameter and their
assumed maximum side-lobe envelope patterns are shown in

Figures 2 and 3.

B. Spread Spectrum Technigues

A brief discussion of spread spectrum techniques is
presented in Appendix C. The term, spread spectrum, is used
in various well known applications such as anti-jam or multi-
path situations. Under such circumstances, the spread spectrum

¥) is the wavelength of the RF frequency used.

*¥\pproximately true for the antenna sizes considered
here.
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techniques are used to overcome the adverse RF noise or fading
environments; these are not the reasons for our application.
Contrary to the more familiar design problem encountered with
communication systems which are RF power and/or bandwidth
limited, the problem here is that we are limited by the RF
power spectrum density. Therefore, the purpose of using a
spread spectrum technique here is to maintain a constant RF
power spectrum density level and to permit increasing the

total RF power, by increasing the RF bandwidth occupancy,

until a minimum performance requirement of the needed communi-
cation function 1s satisfied. Technically, most of the spread
spectrum techniques developed can be used for this application;
but, for the sake of simple implementation, only two methods
are considered: (a) wide deviation FM with a feedback receilver
(FMFB) for analog voice transmission and (b) pseudo-noise (PN)
code modulation for digital voice and vocoder voice trans-
missions. It is interesting to note that the use of a PN

code for RF spectrum spreading also inherently fulfills the
need of carrier energy dilispersal under conditions of light
loading from multichannel telephony discussed by CCIR.

The effects of the CCIR interference limit are shown

in Figures 4~ 9. These figures are basically Figures B-1
to B-6 taken from Appendix B with the additions of:

1. Permissible operating regions based on the CCIR inter-
ference limit calculated for maximum side-lobe
EIRP's when the manned spacecraft is using either a
1° beamwidth or 2° beamwidth parabolic dish antenna.

2. Performance requirements of various voice transmission
modes using wildeband FMFB or PN code spread
spectrum techniques.

Several conclusions for the down-link can be drawn
from Pigures 4 - 8, namely:

1. Spread spectrum or RF bandwidth expansion techniques
must be used for volce transmission in order to
operate within the CCIR interference limit.

2. FMFB is the least efficient method when considering
manned spacecraft transmitter power requirements.

3. The use of vocoders in conjunction with digital
transmission is the most efficient method, from the
standpoint of required manned spacecraft transmitter
power.
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Table V summarizes the manned spacecraft ftransmitte
power requirements, the RF bandwidth requirements and the EIRP
requirements for various Intelsat satellites for the trans-
mission of voice from a manned spacecraft to ground station
link, A 3 dB margin is added to compensate the uncertainties
of the assumed parameters used for the calculations. It is
noted that FMFB method is not included in this table, as its
usage would require unreasonably high RF power when compared
with the other digital methods.

Figure 9 is the same as Figure B-6 from Appendix B,
with the addition of an indication of the permissible opera-
ting regions for the Intelsat satellite based on the CCIR
interference 1imit. Since the calculations indicate the up-
down-1ink, which is part of the ground station to manned
spacecraft 1link, can be operated within the CCIR interference
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*
Natned Spacecraft Intelsat Satellite EIRP RF_Bandwidth
Vocoder FMFB Digital Vocoder FMFB Digital
*¥
11 £t dla. 5 aBW 10.8 dBW 16.5 4BW
3.2 kHz 18 kHz 36 kHz
3* * % ¥ * % # %%
5.5 ft dia. 11 dBW 16.8 dBW 22.5 dBW

® Tncludes 3 DB added margin
#* Exceeded the maximum EIRP capability of Intelsat IT

¥¥#  Exceeded maximum EIRP capabilities of Intelsat II and IIT
also exceeded the CCIR interference limit by 1.5 dB when 3 dB margin 1s added

#k#* Exceeded the CCIR interference 1imit by 0.5 dB when 3 dB margin 1s added

Table VI Parameters for Manned Spacecraft and Intelsat Satellites for

Voice Transmission from Ground Station to Manned Spacecraft
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limit without resorting to any spread spectrum techniques#
only the basic voice transmission modes discussed in Section
IV are considered. It is also noted that this 1link is only
affected by the G/T characteristics of the manned spacecraft,
that is, the noise power contributed by the Intelsat satellite
is negligible when compared to the noise power contributed by
the receiving system of the manned spacecraft; therefore,
Figure 9 can be used for all the Intelsat satellites considered.
Table VI is a summary of the EIRP requirements for the Intelsat
satellites, and the RF bandwidth requirements for various modes
of voice transmission. Again, a 3 dB margin is added to
compensate for the uncertainties in the assumed parameters

used for the calculations. It is obvious that the transmission
method using straight digitized voice is not desirable for
several reasons: (1) it requires the highest EIRP from the
Intelsat satellites, (2) the CCIR interference limit is
exceeded when margin is added to the link, (3) it has the
highest RF bandwidth occupancy, and (4) its EIRP requirements
exceeded those available from Intelsat II and III. It is also
seen from Table VI that if the manned spacecraft were equipped
with a 5.5 ft. diameter antenna, three restrictions result:

1. The use of vocoder voice for the up-link is marginal
because CCIR interference limit 1s exceeded by
0.5 dB.

2. Digital voice cannot be used for the up-1link because

the CCIR interference limit is exceeded by 3 dB.

3. FMIB voice cannot be relayed through the Intelsat II
satellite as the EIRP required exceeds that available
from the satellite.

VII. COST ESTIMATE OF INTELSAT UTILIZATION

The cost of utilizing the Intelsat Satellites is
estimated not on the dollar cost but rather the number of
equivalent voice channels required**. The assumptions
and procedures used for making the cost estimates are outlined
in Appendix D. Two factors determine the equivalent voilce

¥The statement applies when the recelving antenna on the
manned spacecraft 1s larger than 5.5 ft. which is belng con-
sidered in this memorandum.

¥¥A voice channel is a one-way voice link, while a voice
circuit is a two-way voice 1link.
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channel requirement, the bandwidth occupancy and the amount
of EIRP needed from the Intelsat satellite. However, the
assumptlon is made that the manned spacecraft is treated as
an independent user terminal; therefore, it is required

to purchase, or use, an integral assigned carrier group and
its associated EIRP allotment of the Intelsat satellite.

In most cases, the cost would be higher than that required
for the transmission of a two-way voice circuit. In such
cases, the excess capabilities purchased in satellite band-
width and/or EIRP may be used for other communications
functions, such as spacecraft telemetry on the down-1link
and up-data on the up-link, at no additional channel cost.

The cost of using the Intelsat satellites for
the up and down-links are summarized separately in Tables VII
and VIII. It is noted that the up-1link cost is predominated
by the satellite EIRP used and the down-link cost is
predominated by the satellite bandwidth utilization. It
is further noted that, indeed, in most cases, large amounts
of excess capabilities in both satellite bandwidth and EIRP
are used 1in order to satisfy the assumption of purchasing an
integral carrier group assignment.

Table IX summarizes the combined cost of a two-way
voice circuilt using Intelsat satellites. For all cases
except when the down-down-link uses the spot coverage antenna
of Intelsat IV, the up and down-links are combined intoc one
carrier group. The implication is that if the up-link cost
is primarily due to the utilization of the satellite EIRP and
the down-1ink cost is primarily due to the satellite bandwidth
used, then the combined cost is the larger of the two provided
that the same carrier group has sufficient capacities in both
bandwidth and EIRP to accommodate the two-way voice circuit.
In Table IX, not only the equivalent voice channel cost of the
satellite utilization 1s included but also the manned space-
craft RF transmitter power requirements for the different
combinations of up and down-link voice transmission modes.
Whenever the RF transmitter requirement exceeds 100 watts, it
is considered impracticable and that particular mode is
deleted from the table.

From Table IX, several facts emerge:

1, In order to utilize Intelsat II, the manned space-
craft must be equipped with an 11 ft. diameter
antenna and a 100 watt RF transmitter. Furthermore,
it requires a vocoder on the manned spacecraft.

2. The manned spacecraft power requirements are dictated
- by the down-1link, and the channel cost is dictated by
the up-1link.
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Intelsat II Intelsat III Intelsat ITI-~1/2 Intelsat IV
Manned
Voice Mode| Spacecraft EIRP BW Net EIRP BwW Net .-EEREM—‘. BW Net EIRP BW Net
Antenna Sizefeed Jused |used kost|need hised used kost feed hsed hsed kost heea lisea hised feost
11 ft 681 132 24 } 1321 39 601 24 60 12 24 24 24 4 24 24 24
Vocoder
»
5.5 ft 270 | 288 24 } 288)152 156 | 24 156 43 60 24 60 13 24 24 24
11 ft 260 | 264 2h 26414y 156 1 24 156 4o 60 24 60 13 24 24 24
FMFB
5.5 ft -— - - -~1575 588 | 24 588 | 164 192 24 1192 48 60 2h 60
All cost are in Equivalent Voice Channel Unit
Table VII Up-Link Cost Estimates
¥The data is presented, although the link does exceed CCIR interference limit by
0.5 dB.
Intelsat IV Intelsat IV
anned Intelsat II | Intelsat III |Intelsat ITII-1/2fjearth coverage spot coverage
Voice Mode |Spacecraft
Agtenna Size BW Net BW Net BW Net BwW Net BW Net
needed { cost} needed cost [needed cost needed cost | needed cost
11 ft 4 MHz 24 56 kHz 24 85 kHz 24 100 kHz 24 24 kHz 24
Vocoder
5.5 ft - -- 1360 kHz 24 640 kHz 24 560 kHz 24 125 kHz 24
11 ft - -- | 800 kHz 24 11.35 mHz 24 1.4 MHzZ 24 350 kHz 24
Digital
5.5 ft - -~ |5.6 MHz 60 10 MHz 60 8 MHz 60 1.8 MHz 24

A1l cost are in Equivalent Voice Channel unit.

Table VITI

Down-Link Cost Estimates
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3. The use of digital voice for down-link would require
the use of an 11 ft., diameter antenna on the manned
spacecraft for most cases.

by, There is no overridlng advantages in using the spot
coverage antenna on Intelsat IV for the down-down-
link except in the case when digital voice 1s used.
In this case, one may consider the use of a 5.5 ft.
antenna on the manned spacecraft.

It is reasonable to use Intelsat III, III 1/2, and
IV satellites. Among the three, Intelsat III has
the highest channels cost (588 channels) but re-
gquires the least RF transmitter power from the
manned spacecraft (20 watt max.). Intelsat IV

is the least costly in equivalent voice channels
used (60 channels max.) but requires the most RF
transmitter power from the manned spacecraft

(35 watt max.).

1

VIII. CONCLUSIONS

A two-way voice channel between an orbiting manned
spacecraft and a ground station can be established with the
use of a commercial type Intelsat satellite. The more desir-
able satellite types are Intelsat III and the projected
Intelsat III 1/2 and Intelsat IV. The CCIR interference limit
has a large effect on the system design of the down-link
(manned spacecraft to Intelsat satellite to ground). In order
to stay within the interference limit, the down-link trans-
mission of voice requires:

1. spread spectrum techniques and digital transmission,

2. an operational constraint on the manned spacecraft
transmission, and

3. the use of a high gain, narrow beam antenna on the
manned spacecraft.

When the system design has satisfied the interference
limit on the down-link, the up-link (ground to Intelsat satel-
lite to manned spacecraft) system design is not affected by the
CCIR interference limit.

A typical communication terminal on the manned space-
craft could be implemented as follows:
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1. Antenna - 11 ft. (1° beamwidth)¥* or 5.5 ft. (2°
beamwidth)* diameter parabolic dish. The antenna
should have automatic pointing capability.

2. Transmitter Power - 47 watts maximum when used with
a 5.5 ft. antenna and digitized voice. The minimum
power required is 0.6 watt when used with an 11 ft.
antenna and a vocoder,

3. Modulation and Baseband Processing - Digital voice
transmission is recommended either with or without
a vocoder. The advantage of using a vocoder results
in a more efficient system in power utilization as
can be seen in (2) above. Spread spectrum techniques
are needed for the down-link, One way this could be
accomplished 1s by combining the digitized voice
signal with a PN code which is clocked at a high bit
rate, The technique is believed to be practicable
and not overly complicated in its implementation.

The cost of using these satellites in terms of equi-
valent voice channels that have to be purchased is dictated by
the up-link requirements. That is, the EIRP that needs to be
radiated from the Intelsat satellite to the manned spacecraft.
The maximum estimated cost is 588 channels using FM voice on
the up-link in conjunction with a 5.5 ft. receiving antenna on
the manned spacecraft. The minimum cost is 24 channels using
vocoder voice on the up-link in conjunction with an 11 ft.
receiving antenna on the manned spacecraft.

The use of vocoders for both up and down-links re-
sults in the most efficient usage for both channel cost and
manned spacecraft RF power. The maximum channel cost is 60
channels when using Intelsat III and the maximum RF trans-
mitter power required is 2.4 watts using Intelsat IV, when
an 11 ft. antenna is avallable on the manned spacecraft. The
corresponding numbers using a 5.5 ft. antenna on the manned
spacecraft are 156 channels and 16 watts. If the use of a
vocoder proved to be undesirable because of the possible weight
penalty, FMFB can be used for the up-link and straight digital
voice for the down-link. However, it would require the use of
an 11 ft. antenna on the manned spacecraft unless the restric-
tion of using Intelsat IV with its spot coverage antenna only
is acceptable. Under this restriction, a 5.5 ft. antenna and
47 watt transmitter on the manned spacecraft is sufficient,
and the cost is 8l equivalent voice channels.

¥These beamwidths are for down-link ftransmission from
manned spacecraft at 6 GHz frequency.
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Several additional observations should also be
mentioned:

1. Even if the CCIR interference limits are dis-

' regarded, the use of Intelsat satellites, as
presently anticipated, would not be capable of
providing the necessary voice links under certain
emergency conditions. It can be shown that
both the up and down voice links require a high
galn antenna on the manned spacecraft. Therefore,
if the attitude control system of the manned space-
craft failed as experienced during the Gemini GT-8
mission, the volce links would also fail.

2. Because of the excess capability that needs to be
purchased from Intelsat, the capacity of the RF
links can be expanded with very 1little additional
effort. For instance, the addition of 1.6 kbps
telemetry on the down-1link is free of additional
channel cost and only requires doubling the RF
transmitting power on the manned spacecraft, which,
in the worst case, is still less than 100 watts.¥

3. The most direct impact of the CCIR interference
1imit is in the requirement for a high gain antenna
on the manned spacecraft. Therefore, disregarding
the CCIR interference limit could result in using
lower galn antennas. The advantages that could be
derived is in the size and weight of the antenna
system and the less stringent antenna pointing and
acquisition problems. However, the reduction of
antenna gain must be matched directly by an increase
in the EIRP from the Intelsat satellites, which is
not unlimited, and means higher channel cost as well.
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#¥The exact amount of additional telemetry and its associated
spacecraft RF power requirement varies. They depend on the
type of Intelsat satellite used.




Bellcomm, Inc.

REFERENCES

"COMSAT Request for Proposal 68-2A, Intelsat III Satellite
and Associated Equipment", Communications Satellite Corp.

"COMSAT Request for Proposal 68-3, Intelsat IV Satellite
and Associated Equipment", Communications Satellite Corp.

S. Metzger, "The Commercial Communications Satellite System-
1963-68", Astronasutics and Aeronautics, April, 1968.

R. D. Briskman, "Plans for Future Commercial Communications
Satellites", Presented at IEEE International Convention,
1968,

R. Stamminger, "Transmission System Planning for Intelsat
III", Presented at AIAA Second Communications Satellite
Systems Conference, April, 1968, AIAA Paper No. 68-U448,

CCIR Document of the XI Plenary Assembly, Vol. IV,
Part 2, Oslo, 1966.

R. L. Miller, "The Use of Vocoders in Apollo Manned Space
Flight Communications", Memorandum for File, Bell Telephone
Laboratories, Inc., March 4, 1966,

W. L. Nelson, "An Evaluation of Wide-Deviation FM Employing
Frequency Feedback Demodulation'", Memorandum for File,

Bell Telephone Laboratories, Inc., May 16, 1962,
#MM-62-4213-5,

Young, L. (ed) in "Advances in Microwaves", Vol. 3, pp.
11 - 12, Academic Press, New York, 1968.




BELLCOMM, INC.

APPENDIX A

CCIR Interference Limit

The RF frequency bands presently used by the commer-
cial communications satellites are the same as those used by
the common carriers for microwave radio-relay systems on earth.
In order to allow frequency sharing of these systems, various
criteria are established by the International Radio Consulta-
tive Committee (CCIR) of the International Telecommunication
Union (ITU) to prevent mutual interference. Many studies were
made by international experts on the subject and resulted in
several recommendations. One particular recommendation,

No. 358-1, specifies the maximum allowable values of power flux
density at the surface of the earth produced by communication
satellites, which is:¥

(~152 + %)dBW/mz in any 4kHz band |,

where 6 is the angle of arrival of the wave in degrees above
the horizon. This limit specifically applies for a communica-
tion satellite system and line-of-sight radio-relay systems
that share frequency bands in the range of 1 to 10 GHz. It

is also stated that for communication satellite system using
frequency modulation, a method of carrier energy dispersal
could be employed to reduce the radio-frequency power flux-
density in any 4 kHz band, under conditions of light loading
from multi-channel telephony, or from television signals.

For the application considered here, there are two
potential interference conditions to the terrestrial systems
as shown in Figures A-1 and A-2. Figure A-1 is the familiar
situation where the Intelsat satellite is in a geostationary
orbit; in this case the interference limit at a frequency of
4 GHz can be translated to an allowable effective isotropic
radiated power (EIRP) at the satellite.

The maximum flux-density on earth for a minimum
angle of arrival of 5° above horizon would be (-152 + 5/15)=

-151.7 dBW/MkHz/mz. The effective area of an isotropic antenna

¥CCIR Document of the XI Plenary Assembly, Vol. Iv, Part
2, Oslo, 1966.
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Appendix A (Cont'd)

is A2/uﬂ, where A is the wavelength. The flux received by an
isotroplc antenna at U4 GHz on the earth surface is:

X2

-151.7 + 10 logg—

-185.2 AdBW/4kHz

Maximum flux on earth

The free space loss at this frequency and a distance of
approximately 22,000 n.m. is 196.6 dB. Therefore, the
maximum allowable EIRP from Intelsat satellites is 11.4
dBW/UkHz, or -24.6 dBW/Hz.

Figure A-2 depicts the case where the interference
to the terrestrial systems is caused by the manned spacecraft
at the RF frequency of 6 GHz. The geometry in this case
becomes more involved and a realistic interference limit is
yet to be established as can be seen in the following excerpts
from a report¥* submitted to CCIR:

"The continuous full in-beam condition is not
typical of interference from systems of non-
stationary satellites and, in these cases, the
aforementioned power flux-density limits¥*#* would
ensure a substantial margin for the protection of
radio-relay systems."

"In considering the limits of mean hourly in-
terference, the worst conditions may arise when the
two signals are relatively stable. It 1s necessary
to make this assumption at the present time, but
more experimental information on the fading of
satellite signals arriving at very low elevation
angles is desirable."

#"Power Flux-Density at the Surface of the Earth from
Communication Satellites", Report No. 387, CCIR Documents of
the XI Plenary Assembly, Vol. IV, Part 2, Oslo, 1966.

¥¥The 1limit referred in the report is -151 dBW/MkHz/m2.
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Appendix A (Cont'd)

For the time being, the same interference limit
used for stationary satellites is also applied to the down-
up-link condition considered here. However, from the excerpts
above, the 1limit may prove to be too severe.

Instead of calculating the maximum EIRP that can be
allowed from the manned spacecraft, a maximum side-lobe
EIRP is calculated. This implies that operational restrictions
may be 1Imposed on the transmission of the manned spacecraft so
that its antenna's main beam would not 1lluminate the earth
at any time. Using the geometry of Figure A-2, the relation
between the side-lobe location of the antenna on the manned
spacecraft and the spacecraft location with respect to the
sub-satellite point of the communication satellite can be
determined; this is shown in Figure A-3. For a typical
case of a manned spacecraft in a 260 n.m. circular orbit, the
maximum side-lobe EIRP that can be allowed from the manned
spacecraft can be shown to be -13 dBW/4kHz or -49 ABW/Hz.
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APPENDIX B

Derivation of RF Performance for Intelsat Satellite Relay Links

The RF performance of a relay link, using carrier
power—to-noise power spectral denslity ratio (C/N ) as the
parameter, is derived in this Appendix. The expected perform-
ances of various Intelsat Satellites are then determined by
inserting the estimated characteristics of these satellites
and t?e terminals (Intelsat ground station and Manned Space-
craft

The derivations are based on the following model.

N ! N 1"
4«0 .Lo
Transmitting ' Linear = (O ' " e
Terminal 047 Amplifier c"=(C +Nb B)k\ R;ZiiXiE% —S /M=o
-7
Intelsat C'/Nyt = a
Satellite

The symbols used in this model are:

c' = carrier power received by the Satellite
No' = noise power spectral density of the Satellite
C'/No' = a = the value of C/N, at the satellite output
B = RF bandwidth needed for the communication
function.
c" = (C' + N_'B)k is the carrier power at the
receiving terminal.
k = link constant includes total system gain
and free space loss.
No" = nolse power spectral density of the receiving
terminal.
C"/NO" = b = the value of C /NO at the receiving
terminal output for satellite to receiver link.
Assuming N,' and NO" are Gaussian and White noises,

pius the fact that th ey are independent of each other, the overall
C/No of the entire relay link at the output of receiving terminal
is:
kC'
C/NO = KN '+ NO" (B—l)

A\O

Using the relationships indicated in the model:

n
NO" = _b_c___ = (C' ; NO'B)k (B-—2)

and: Nt o= o
0 —_— (B-3)

a
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Substituting: (B-2) and (B-3) into (B-1):

o/N = kC' = kbC'
o kN7 + (CT+ NO'B7k kC' + NO "(B+b)k
b
bC!' ab (
= = B-U4)
Ct+ g'(B +b) a+b+B

The parameters a and b are obtained by using the
familiar formula for one way RF links:

eoNo= Ty G O (B-5)
KT B L L
eff fs ¢t
with slight modification
C/N = (Pth/Lt) (Gr/ Terr )
K LfS
. (EIRR)G@/m), (B-6)
KL
where: fs
C/N = Carrier-to-noise ratio
Pt = Transmitter power in watts
Gt = Transmitting antenna gain
Gr = Recelving antenna gain
K = Boltzmann's Constant = 1.38 x 10723 joules/°K
T'ff = Recelving system noise temperature in °K
e
B = Noise bandwidth
= Free s
Lfs re pace loss
Lt = RF losses of transmitting system

EIRP = (Pt Gt)/Lt is the effective isotropic radiated
power in watts.
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(G/T) = Gr/(Teff) is the figure of merit of the
r recelving system in og~1,

il

Combining (B-6) and (B-4), the expression for C/N, of the

overall relay links are:

(A) For Manned Space (SC) to Intelsat Satellite (IS) to
Ground Station (GND) Link

(EIRP)SC (G/T)IS

a = KT, )¢ (B-7)
(EIRP) (G/T)
~ IS GND (B-8)
b = 4 (Lfs)u

The subscripts denote the parameters associated with
manned spacecraft (SC). Intelsat Satellite (IS), and ground
station (GND). Other subscripts, 6 and 4, associated with L

indicate the free space loss evaluated at RF frequencies 6f
6 GHz and U4 GHz, respectively.

Since the Intelsat Satellites are essentially linear
amplifiers when operated below the saturated region of their
power amplifiers, (EIRP)SC and (EIRP)IQ can be related as:

b

(EIRP)SC = (EIRP)IS (Lfs)6 k 1g (B-9)

The parameter kIS i1s the reciprocal of the power
gain of various Intelsat Satellites (see Figure 1).

Combine (B-4), (B-7), (B=8), and (B-9):

4 2
k (EIRP) IS(G/T)IS (G/T)

GND
C/Ny = 13 -
- P

\ . /o~ s i Tmwl /T \ (B—lO)
15 Lk1g(@/T)pg(Lp )y + (G/T)gypl + BK=(L,,)

.

~
~~

H

¢2]

I~

(B) For Ground Station to Intelsat Satellite to Manned
Spacecraft Link

Using similar method as part (A):
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2
Kig (EIRP) 1S (G/T)IS (G/T)SC

o = K(EIRP){gq [K;g (G/T)IS(LfS)u + {6/ geT * BKZ (Lpy)

C/N (B-11)

and (B-12)
(EIRP)GND = (EIRP)IS (Lfs)6 kIS

Using the estimated parameters in Table III, equations
(B-10) and (B-11) in numerical forms for various Intelsat Satellites
are:

(A) Manned Spacecraft to Intelsat Satellite to Ground Station

Link
(1) Intelsat II 5
(EIRP) 13
C/N, = - -z (B-13)
8 x 10 (EIRP)IS + 1.4 x 10 B

(EIRP)SC in dBW = 79.3 dB + (EIRP)IS in dBW (B-14)

(2) Intelsat III
(EIRP)?
C/No = (B-15)
8.32 x 10~° (EIRP) o + 1.54 x 107198

(EIRP)SC in dBW = 66.9 dB + (EIRP)IS in 4dBW (B-16)

(3) 1Intelsat III 1/2
2
(EIRP)
C/N, = 15 (B-17)
6.9 x 1078 (EIRP) g + 8.17 x 10~ 163

(EIRP)SC in dBW = 69.6 dB + (EIRP)IS in dBW (B-18)

(4) 1Intelsat IV Using Earth Coverage Antenna
(EIRP)?
- IS _
C/NO 5 18 (B-19)

6 x 10~ (EIRP)IS + 2.93 x 107 "B

(EIRP)g, in dBW = 71.1 dB + (EIRP) g in dBW (B-20)
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Intelsat IV Using Spot Coverage Antenna

(EIRP)2IS
e/, =

8.65 x 10—8

(EIRP)SC in 4BW = 63.4 4B + (EIRP)IS in 4BW

(EiRP)IS +1.73 x 1071%8

(B-27

( B=-22)

Ground Station to Intelsat Satellite to Manned Spacecraft

Link

(1)

(2)

(3)

(4)

Intelsat II

2
N = (EIRP) 18 (G/T)SC

o) b

6.33 x 10° (EIRP)IS + 1.67 x 10 B
(EIRP)GND in dBW = 79.3 4B + (EIRP)IS in dBW

Intelsat III

(EIRP)2IS (G/T)gp

C/No = -11

6.33 x 10-4 (EIRP)IS + 1.83 x 10 B

(EIRP)GND in dBW = 66.9 4B + (EIRP)IS in 4BW

Intelsat III 1/2

(EIRP)2IS (G/T)SC

C/N = I

°©  6.33 x 10” -12

(EIRP)IS + 9.65 x 10 B

(EIRP) in dBW = 69.6 4B + (EIRP)IS in dBW

GND

Intelsat IV Using Earth Coverage Antenna

(EIRP)® o (G/T)g

C/N_=
¢}
4 12B

6.33 x 10~ (EIRP)IS + 3.5 x 10~

(EIRP) in dBW = 71.1 4B + (EIRP)IS in 4BW

GND

B-23)

B-24 )

( B-25)

(B-26 )

( B-27)

( B=-28)

( B-29)

(B-30)
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Equations (B-23), (B-25), (B-2T7), and (B-29) would
be identical and simplified to:

- 3 :
C/No = 1.58 x 10 (EIRP)IS (G/T)SC, (B-31)

under the following restrictions:

(a) (EIRP)IS > =5d4BW

(b) B < 1.0 MHz

Equations (B-13), (B-15), (B-17), (B-19), (B-21), and
(B-31) are presented parametrically in Figures B-1 to B-6. From
these figures, the intersection of C/NO and RF bandwidth for

certaln known communication functions provide the information
of EIRP requirements of the manned spacecraft, the Intelsat
satellite, and the ground station.
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APPENDIX C

Interference Limits and Spread Spectrum Technigues

From Appendix A, it is seen that a maximum allowable
signal power spectral density exists for the Intelsat satellites
and the manned spacecraft for the purpose of avoiding RF inter-
ference with the microwave radio relay systems on earth. For

the particular application discussed in this memorandum, these
limits are:

Intelsat satellites

maximum EIRP¥ = -24.6 ABW/Hz (C-1)
Manned spacecraft
maximum EIRP = =49 dBW/Hz (C=2)

The restriction is particularly severe for the manned space-
craft when one uses the normal procedures to size a minimum
system. To illustrate, we have been using the parameter
carrier to noise spectral density ratio (C/NO) to indicate

the RF performance requirements of a particular communications
functions. This quantity varies according to the modulation
method chosen and consists of two basic parameters:

C/N = S/N X B (c-3)
Oreq req req

Simply, for a given modulation method, a signal-to-nolse ratio
(S/Nreq) must be maintained in a required bandwldih \Breq’ when
the quality of the communications function is specified. If

our objective is to minimize the RF parameters of the system

(e.g., antenna size and transmitter power), both S/Nreq and
B need to be optimized to arrive at a minimum C/N
req Oreq

¥Effective isotropic radiated power
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Appendix C (Contd.)

The RF interference limit, effectively imposes a
maximum EIRP that can be transmitted as a direct function of
the RF bandwidth used. It can be shown that under certailn
conditions the performance requirement of the communications
function cannot be fulfilled. To remedy this situation, one
may choose a modulation method which would allow a large ex-
pansion of RF bandwidth, therefore, the allowable EIRP, but

with proportionally less increase in C/NO , that 1is:
req
AB
W— > 1 (C—L\l)
req

There are a number of techniques which satisfy (C-4). Several
are discussed below.

A. Analog Transmission

The RF bandwidth of an analog signal, such as voice,
can be expanded by using frequency modulation (FM). This is
done by increasing the modulation index (m) while the baseband
signal frequency remained fixed. Besides the increase in RF
bandwidth, two other net effects result; one is the increase in
the threshold C/N0 requirement and the other is an improvement

in baseband signal quality after demodulation (S/N)out' Equa-

tion (C-4) is satisfied when a FM with feedback (FMFB) receiver
is used. Figure C-1 is a plot of the increase in bandwidth

V8 the relative increase in RF power required. These data are
taken from the analysis by Enloe¥ and Nelson.¥* The conven-
tional FM receiver performance is also included for comparison to
show that it fails the criterion of (C-4). Figure C-2 pro-
vides the net advantage of using a FMFB receiver. For instance,
with m=20, the RF link performance can be improved by 4 dB over
that of m=2. The attendant improvement in S/N ., is also given
in the same figure. out

¥, H. Enloe, "The Synthesis of Frequency Feedback Demod-
ulators", Proceedings of NEC, Oct., 1962.

¥%¥W. L. Nelson, "An Evaluation of Wide-Deviation FM
Employing Frequency Feedback Demodulation', Memorandum for File,
#MM-62-4213-5, Bell Telephone Laboratories, Inc., May 16, 1962.
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B. Digital Transmission

There are many techniques for digital transmission
that would occupy an RF spectrum larger than required in order
to 1lmprove system performance. Usually, under power limited
conditions, for a given information bit error rate and data
rate, the required C/NO decreases as the spectrum utilization

is increased. Therefore, it is clear that, for the digital
transmission case, a double advantage can be obtained by using
a spread spectrum technique: (1) increase in the EIRP allowed,
and (2) decrease in C/N0 . However, in order to derive the
req
second advantage, it also incurs the disadvantage of system
complexity at both the sending and the receiving terminals.
Some of the typical systems that fall into this category are
M'ary FSK, and numerous coding techniques (e.g., orthogonal and
biorthogonal sequences). Figure C-3 provides a comparison of
an M'ary FSK system with M=16 and a coherent binary PSK system.
It is seen that the M'ary system would provide a net advantage
of 8 dB (6 dB in bandwidth expansion and 2 dB in C/NO ) over
req
uncoded PSK system for information bit error rate of 10’3.

A simpler technique can be used which would forego
the second advantage. It uses a binary psuedo-noise (PN)
code which is clocked at a much higher rate than the data rate.
If the data is logically combined with the PN code which in
turn modulates the RF carrier, then by the use of a synchro-
nous matched PN code, the combined signal can be compressed at
the receiving terminal and yields the original data. In this
case the performance requirement 1is identical to that required
when no PN code is used. The net advantage in the 1link perfor-
mance is directly proportional to the bandwidth expansion ratio
(clock rate divided by the data rate).
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APPENDIX D

Assumptions and Procedures of Cost Estimates
for Utilizing Intelsat Satellites

The estimates of the cost of utilizing Intelsat satel-
lites are based on several assumptions:

1. There is no cost differential among different types
of Intelsat satellites at a given time.

2. The utilization of Intelsat satellites by manned
space flight operations is a unique application,
therefore, the orviting manned spacecraft is treated
as a distinct and independent user terminal.

3. Distinct carrier group assignments are dedicated to
the two-way voice relay link for and during manned
space flight operations.

4y, The carrier groups assumed are those presently planned
for Intelsat III as follows:¥

a. 5 MHz -- 24 equivalent voice channels
b. 10 MHz -- 60 equivalent voice channels
c. 20 MHz -- 132 equivalent voice channels

d. any combinations of a, b, and c.

The implication is that these are the integral carrier
group and, therefore, represent the number of equiva-
-lent voice channels that must be purchased regardless
of the actual RF bandwidth needed for a single two-way
voice transmission by manned space flight operations.

5. Each equivalent volce channel represent
AAAAA A o~ T~ S a1l
a.ltlld

cost in dollars regardless of their
carrier group assignment.

Two criteria are used for estimating the cost, the RF
bandwidth used and the Intelsat satellite EIRP used. Both para-
meters have been calculated in Section V , they are compared and

¥R. Stamminger, " Transmission System Planning for Intelsat
III", Presented at AIAA Second Communication Satellite Systems
Conference, April, 1968. AIAA Paper No. 68-448.
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determined as to which is the dominant parameter. For instance,
for the up-link case very little bandwidth 1is needed but a large
amount of satellite EIRP is used. The reverse is true for the

down-1ink.

To translate the EIRP of the Intelsat satellite to

equivalent voice channels, the following procedure is used:

1.

Determine the required EIRP as a percentage of the
total EIRP available from the Intelsat satellite.
The available EIRP of the satellites are as follows:

Intelsat II 13.5 aBW
Intelsat III 23.0 4aBwW
Intelsat III 1/2 30.5 dBW
Intelsat IV 42.0 4BW

These numbers are those presented in Table I less 2 dB.
The 2 dB difference takes care of the "back-off" factor
which is needed for avoiding excessive intermodulation
distortion caused by the TWTA on the satellite opera-

Ting near saturation under multiple carrier operations.

The number of equivalent voice channels needed is the
product of percentage EIRP used and the total channel
capacity of the satellite. The voice channel capaci-
ties of the various satellites are:
Intelsat II 480 equivalent voilce channels
Intelsat III 2,400 equivalent voice channels
Intelsat III 1/2 3,800 equivalent voice channels
Intelsat IV 16,000 equivalent voice channels
The number of equivalent voice channels used (i.e.,
must be purchased) is the integral number of equiva-

lent voice channels of a particular carrier group as
indicated in Y4a, b, ¢, and d as follows:
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Number of Number of Channels
Channels Needed That Must be Leased

1 to 24 24
25 to 60 60
60 to 132 132

132 to 156 156

156 to 192 192

192 to 264 264

and so on.

The up and down-1links will be combined into one car-
rier group for all cases except when the down-down-1link uses
the spot coverage antenna of Intelsat IV. For the latter case,
an 1individual carrier group has to be used for each link. The
implication is that if the up-link cost is primarily due to
satellite EIRP used and the down-1link cost is primarily due to
the satellite bandwidth used, then the combined cost 1s the
larger of the two.



